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CORTICAL THINNING IN FORMER NFL PLAYERS 
ROSANNA VEGGEBERG 
ABSTRACT 
 Despite evidence indicating negative consequences of repetitive head impacts 
(RHIs) on the brain, the long-term effects remain largely unknown. Contact sports, such 
as football, expose players to multiple collisions. Professional sports players have 
undergone thousands of concussive and sub-concussive RHIs over their careers. In this 
study we used structural 3T MRI to evaluate cortical thickness of 86 former NFL players 
(mean age ± SD = 54.9 ± 7.9 years old) and 24 former professional non-contact sport 
athletes as controls (mean age ± SD =57.2 ± 6.9 years old). Cortical thickness was 
compared between groups using FreeSurfer. The NFL players displayed decreased 
cortical thickness in the right temporal lobe and fusiform gyrus (cluster-wise p-
value=0.0003, 90% CI=0.0001-0.0005) and the left pre- and postcentral gyrus (cluster-
wise p-value=0.0096, 90% CI=0.0084-0.0109). When looking only at NFL subjects 
impaired in measurements of mood and behavior (n=36) compared to controls, NFL 
players displayed a similar but more extensive cluster of decreased cortical thickness in 
the right temporal lobe and fusiform gyrus (cluster-wise p-value=0.0001, 90% 
CI=0.0000-0.0002) and in the left supramarginal gyrus and pre- and postcentral gyrus, 
(cluster-wise p-value=0.0002, 90% CI=0.0000-0.0004). Reduced cortical thickness in 
NFL players is suggestive of the long-term effects of RHIs. Still, future studies are 
necessary for examining the time-course of damage and the implications of regional 
cortical thinning.   
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INTRODUCTION 
 	 Repetitive head impacts (RHI) in contact sports have been a topic of growing 
attention given the implication of long-term effects including chronic traumatic 
encephalopathy (CTE), a neurodegenerative disease associated with exposure to RHI. 
Currently, CTE can only be diagnosed post-mortem and therefore, despite all cases 
sharing a history of extensive RHI, the association cannot determine causation.1 Studying 
the effects of RHI in vivo may lead to the discovery of neurobiological and behavioral 
biomarkers that can link to the diagnosis of CTE while alive.2  
Defining repetitive head injury 
 Over the past decade, research has shifted to an increasing focus on the effects of 
RHI, which involves both repeated concussive and subconcussive impacts to the head.3  
Concussion 
Concussion, also known as mild traumatic brain injury (mTBI) occurs when there 
is an impact to the head at a force averaging 98.68 g (95%CI 82.36-115.00) linearly and 
5776.60 rad/s2 (95%CI 4583.53-6969.67) rotationally.4 Acute micro structural, 
functional, metabolic, neuroinflammatory alterations have been observed (see review for 
details5). Additionally, physiological and psychological symptoms can occur after a 
concussion and tend to resolve within days or weeks. In a subset of the population 
however, post-concussive symptoms can last for months or years.6 Symptoms typically 
include nausea, vomiting, headache, irritability, insomnia, anxiety, depression, and 
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sometimes personality changes.6 Two to 4 million sports-related mTBIs are reported in 
the US each year, over half of which occur in football.7,8  
Subconcussion 
Subconcussive impacts are defined as hits to the head that do not cause acute 
symptoms associated with concussion. Although subconcussive impacts may therefore 
seem harmless, they consequently still produce neuronal changes similar to concussion, 
such as neuroinflammation and functional impairment.6,9,10 Subsequently, initial clinical 
findings have justified further research into settings like American football where athletes 
are at a high risk of RHI. Using helmet based accelerometers, studies have estimated that 
high school football players experience an average of 600 subconcussive impacts per 
season and collegiate level players receive over 1,000.9  Additionally, exposure to head 
impacts also differs based on position. Linemen and linebackers receive the most hits. 
Linemen, linebackers and defensive backs receive more impacts to the front of the head, 
whereas quarterbacks receive most impacts to the back of the head.11  Studying long term 
effects of repeated subconcussive blows in this type of setting may help further elucidate 
not only the acute effects of a single blow, but more significantly the long-term 
consequences from suffering many years of RHI.  
Consequences of RHI  
Although more research into RHI is needed, evidence has indicated that RHI in 
contact sports like football may result in long-term brain structure alterations, 
psychological symptoms, cognitive impairments, and neurodegenerative disease.12   
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While the underlying pathomechanism of damage from subconcussive blows 
remains unknown, recent neuroimaging studies have demonstrated consequent neuronal 
damage following a history of RHI. Although the exposure to RHI in football players 
include both concussive and subconcussive blows, a recent study on soccer players has 
revealed the effects of purely subconcussive impacts on players who do not have any 
reported concussions. The results showed widespread damage to the white matter tract 
possibly indicative of demyelination and neuroinflammation, which is similar to what is 
observed in mTBI.12 Additionally, in particular relevance to this study, cortical thinning 
in soccer players with a history of subconcussive impacts was observed in the right 
inferolateral-parietal, temporal, and occipital cortex. Cortical thinning was furthermore 
associated with lower cognitive performance and estimated exposure to repetitive 
subconcussive impacts. 
Psychological consequences of RHI have been described by Guskiewicz et al13 
reported that the long-term effects of mTBI reveal an association between concussion in 
former professional football players and a diagnosis of lifetime depression. Compared to 
subjects with no history of concussion, those with one or two previous concussions were 
1.5 times more likely to be diagnosed with depression. For those with three or more 
concussions, the subjects were three times more likely to be diagnosed with depression. 
Although much of the earlier research describes the number of repeated concussions, 
leaving out subconcussive hits, the repetitive nature of the hits may be supportive of the 
associations seen in RHI and depression.14 Furthermore, Hart et al15 and Strain et al16 
both measured the cellular damage in retired NFL players by comparing the white matter 
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integrity (fractional anisotropy) of retired NFL players to control subjects. Former NFL 
players had decreased white matter integrity, which correlated with increased depressive 
symptoms.15  
In addition to psychological symptoms, cognitive impairment has also been 
shown in studies comparing subjects with a history of RHI. In one study by Collins et 
al,17  acute post-concussive symptoms of high-school athletes who had a history of 
concussions were compared to those with no concussion history. They found that the 
group with a history of concussion had more severe memory impairment and confusion. 
McAllister et al18 published a study comparing cognitive function pre-season versus post-
season and found an association between decreased performance and head impact 
exposure metrics. The long-term affects were demonstrated in a study by Guskiewicz et 
al,19   which revealed an association between repetitive concussions with mild cognitive 
impairment (MCI) and memory impairment in former NFL players. For those with a 
history of three or more concussions, the prevalence of MCI increased by fivefold and 
memory impairment increased by threefold.  
Neurodegenerative disease link to RHI 
Neurological symptoms of RHI have been associated with more severe long-term 
neurological disorders. It has been reported that a history of RHI may lead to Parkinson’s 
disease (PD), frontotemporal lobar degeneration (FTLD), Alzheimer’s Disease (AD) and 
other dementias.6,20 It was not until more recently that RHI has been associated with a 
specific type of neurodegeneration, CTE. The first description of this link was published 
in 1928 describing a syndrome in boxers called, “punch drunk”. Martland observed that 
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the syndrome primarily affected individuals “who take considerable head punishment” 
during a match and those “who may be knocked down several times a day” for practice.21 
This initial account described symptoms of peripheral neuropathy, dysarthria and 
sometimes dementia. Further research over the years confirmed the “punch drunk” 
syndrome in boxers.22 In 1949 the syndrome was renamed as, “chronic traumatic 
encephalopathy (CTE)”,23 which has carried forward today with the attention turning 
from boxers to other contact sports (i.e. football, hockey, and soccer).23 Although the 
causes and symptoms associated with CTE are still unclear, based on neuropathological 
findings, all cases of CTE have had a history of RHI.6 Over the past decade, there has 
been increasing research into understanding the long-term effects of RHI and its possible 
link to CTE. Despite the neurological and behavioral alterations associated with RHI, the 
diagnosis of CTE can only be determined postmortem, thus, it is uncertain as to what 
variables lead to the neuropathology of CTE.24  
Stages of CTE 
Pathology	
Postmortem findings have identified and defined four stages of CTE based on the 
pathology of p-tau, which appear tangled and defective. In stage I CTE, p-tau pathology 
is focused in the depths of the sulci around small blood vessels in the cerebral cortex. 
Typically, the pathology is found in the superior, dorsolateral or lateral frontal cortices. 
Stage II CTE is characterized by multiple epicenters in the depths of the cerebral sulci 
with a localized spread of neurofibrillary tangles extending to the superficial layers of the 
adjacent cortex. By stage III CTE, p-tau pathology is widespread with the greatest 
severity of degeneration concentrated in the depths of the sulci in the frontal and temporal 
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lobes. Additionally, pathology is also seen in the hippocampus, amygdala and entorhinal 
cortex. Finally, in stage IV CTE, severe p-tau pathology is found in most regions of the 
cerebral cortex and the medial temporal lobe.25 
Reported symptoms 
In addition to the neuropathological staging of CTE, McKee et al25 also reported 
clinical symptoms by stage.  Those subjects who had pathologically defined stage I CTE 
reported headache, loss of attention and concentration, depression, aggressive tendencies, 
difficulties with short-term memory, executive dysfunction and explosivity. Those with 
stage II CTE had the same symptoms as stage I but they also reported mood swings, 
impulsivity, and suicidality. Again, those with stage III CTE had consistent symptoms 
but additionally included aggression, apathy. Finally, all of the stage IV CTE subjects 
reported the same symptoms but with increased severity. The most common symptoms 
included executive dysfunction and memory loss. Most subjects also displayed a 
profound loss of attention and concentration, language difficulties, explosivity, 
aggression, paranoia and depression.  
CTE and RHI 
Although a causal link between RHI and CTE has not been determined, studies 
have indicated an association between exposure to RHI in contact sports with later-life 
impairment and severity of CTE. One postmortem study conducted with 
neuropathologically-confirmed cases of CTE in former NFL players demonstrated that 
there was a significant association between the number of years played and the severity 
of the observed tau pathology, which was independent of age at death.26 In addition to the 
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length of exposure to RHI, age at first exposure (AFE) may also be a critical variable for 
later-life brain damage and cognitive impairment. Specifically, one study showed that 
those who began playing during critical periods of brain development, before 12 years 
old, showed more damage to the corpus callosum and greater cognitive impairments.27 
Additionally, a recent study by Schultz et al28 demonstrated a correlation between 
younger AFE and decreased thalamic volume.  
Current study 
Although research into understanding the long-term effects of RHI has increased 
over the past few years, more work is needed to understand the neurological and 
psychological effects. Following the post-mortem evidence showing neuropathological 
progression of CTE, this study aims to examine the effects of long-term RHI with cortical 
damage using in vivo magnetic resonance imaging (MRI) in former NFL players with 
cognitive symptoms. We hypothesized that since stage I CTE has revealed 
neuropathological alterations in the frontal cortex, then by analyzing the cortical 
thickness of former NFL players compared with former non-contact sport controls we 
may be able to determine a biomarker indicative of the damage associated with RHI. 
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METHODS  
Study design 
This study was a cross-sectional analysis using structural MRI scans acquired in 
former NFL players and former non-contact sports controls. The data for this study 
comes from the Diagnosing and Evaluating Traumatic Encephalopathy using Clinical 
Tests (DETECT) study with the aim of developing biomarkers for in vivo diagnosis of 
CTE. The study protocol was approved by the Boston University Medical Center 
Institutional Review Board, as well as the Partners Institutional Review Board. Prior to 
enrollment, all study participants provided written informed consent.  
Participants 
DETECT participants included former NFL players and a control group of former 
professional noncontact sports athletes. Recruitment began in 2011 and concluded in 
2015 with a total sample size of 96 former NFL players and 28 controls. 
Inclusion criteria for the former NFL players were that the subjects were male, 
age 40-69 years old, played more than 12 years of organized football with a minimum of 
2 years in the NFL, must not have had a history of concussion within one year before 
study entry, spoke English as their primary language, and self-reported ongoing 
cognitive, mood and/or behavioral symptoms for at least 6 months prior to enrollment. 
Exclusion criteria included athletes with diagnosed diseases of the central nervous 
system, as well as contraindications for MRI or lumbar puncture. To screen for 
coincidental and confounding neurological illnesses, a semi-standardized neurological 
	9 
history and evaluation was performed by a board-certified neurologist or neurosurgeon 
blinded to the subject’s head impact history.  
Inclusion criteria for controls were that they had to be male, age 40-69 years old, 
at least 4 years of participation in organized noncontact sport with 2 years at the college 
level or higher. Exclusion criteria consisted of military service, self-reported TBI or 
concussion, or a history of participation in any of the following organized sports: 
football, hockey, rugby, soccer, lacrosse, wrestling, boxing, basketball, gymnastics, 
martial arts, kickboxing, cycling, or distance running. Additionally, controls were 
excluded if they had any diagnosed diseases of the central nervous system, self-reported 
cognitive, mood and/or behavioral symptoms, or contraindications for MRI or lumbar 
puncture. Of the 28 controls, a total of 4 were excluded: One was excluded because of 
missing data, 2 were excluded based on a history of TBI and 1 because of participation in 
football that was not disclosed during the initial study screening. There were 2 controls 
with a history of youth soccer and 1 control participated in amateur wrestling but because 
of the brief participation and no history of concussion, they were not excluded. 
Ultimately, there were a total of 24 controls included in this study.  
Cognitive and psychiatric evaluation 
 A battery of cognitive tests were selected based on one or more of the following 
criteria: 1) sensitivity to repeated head trauma, 2) national consortia use in the assessment 
of neurodegenerative disease (i.e. National Alzheimer’s Coordinating Center), 3) 
evidence of sensitivity and specificity changes in neurodegenerative diseases, and 4) 
reliability and validity for a broad range of cognitive functions. The tests focused on 
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memory and executive function since these areas are believed to be initially effected in 
CTE.25 Attention, language, and visuospatial skills were also evaluated and the raw data 
from the scores were then standardized by age, sex, and education. 
 Psychiatric tests were selected to measure: 1) presence of psychiatric disorder, 2) 
suicidal ideation/behavior, 3) depressive symptoms, and 4) impulse control. These 
measurement outcomes were also converted to age-, sex-, and education-standardized 
scores. 
 Four factor scores were generated from the standardized outcome scores in order 
to reduce the number of analyses and the risk of Type I error, and on the basis of rational 
and empirical grounds (i.e. principal component analysis).29 The factors and their 
constituent tests and areas of focus included: Factor 1-mood and behavior: Apathy 
Evaluation Scale,30 Beck Depression Inventory-II,31 Beck Hopelessness Scale,32 Barratt 
Impulsivity Scale,33 Behavior Rating Inventory of Executive Function—Adult Version,34 
Center for Epidemiologic Studies Depression Scale,35 Hamilton Depression Rating 
Scale,36 and London Handicap Scale,37 Factor 2- attention and psychomotor speed: 
Controlled Oral Word Association Test-FAS,38 Wechsler Adult Intelligence Scale–
Revised Digit Symbol Coding test39, and Delis-Kaplan Executive Function System 
including Color Word Interference Test, Trail Making Test,40 Factor 3-verbal memory: 
Neuropsychological Assessment Battery story learning and list learning,41 Factor 4-visual 
memory: Rey-Osterrieth Complex Figure immediate copy, presence and accuracy, and 
delayed presence and accuracy.42,43 
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RHI exposure variables 
 The age at which subjects started playing was considered the age at first exposure 
(AFE) and was converted into a dichotomous variable: 1) AFE < 12 years old, 2) AFE ≥ 
12 years old. A cut-off at 12 years old was chosen based on the literature showing 
neurodevelopmental consequences of RHI before the age of 12.27 Additionally, the 
cumulative head impact index (CHII) was used to quantify retrospective cumulative 
exposure to RHI.44  
MRI data acquisition  
All subjects underwent MRI on a 3T scanner (Magnetom Verio, Siemens 
Healthcare, Erlangen, Germany) equipped with a 32-channel head array. Structural T1-
weighted magnetization prepared rapid gradient echo (MP-Rage) scans were acquired 
with the following parameters: TR=1800 ms, TE=3.36 ms, TI=1100 ms, voxel 
size=1x1x1 mm, acquisition matrix=256x256, flip angle=7 degrees. 
Post-processing 
 The raw imaging data was visually inspected for distortion and motion artifacts 
using 3D Slicer version 3.6 (Surgical Planning Laboratory, Brigham and Women’s 
Hospital, Boston, MA). T1-weighted images were converted from DICOM to Nifti 
format, axis aligned and centered and then visually quality checked to ensure correct axis 
alignment and image parameters.  An automated process for brain masking created in 
house using a training data set consisting of previously created and edited masks was 
used and again checked for quality control. Automated cortical reconstruction was 
applied to the masks for Talairach transformation (alignment and grayscale intensity 
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normalization) and segmentation (gray matter, white matter, and cerebral spinal fluid 
labeling) using FreeSurfer 5.3 (http://surfer.nmr.mgh.harvard.edu; Athinoula A. Martinos 
Center for Biomedical Imaging, Charlestown, MA, USA). Final visual quality control of 
the FreeSurfer label maps was preformed. More detail on this process is described on the 
FreeSurfer website (http://ftp.nmr.mgh.harvard.edu/fswiki/ recon-all).   
 Cortical thickness analysis 
 Whole brain vertex-wise analyses were conducted to test for group differences of 
cortical thickness measurements using FreeSurfer QDEC (Query, Design, Estimate 
Contrast) (https://surfer-nmr-mgh-harvard-edu.ezproxy.bu.edu/fswiki/Qdec). QDEC fits a 
general linear model (GLM) at each surface vertex to explain the data from all subjects. 
Additionally, surface-based smoothing was applied to the cortical thickness maps in order 
to improve the signal-to-noise ratio. A smoothing kernel of 15 mm full width at half 
maximum was chosen based on the sample size, the global analysis, and the expected 
variability between subjects.45 Results were corrected for multiple comparisons to limit 
false positives using the Monte Carlo null-z simulation (p<0.05). 
 Analysis comparing average cortical thickness of former NFL players vs. 
controls, with age, BMI, and intracranial volume (ICV) included as nuisance factors was 
performed.  
 Subgroup analysis was performed comparing former NFL players impaired in at 
least 1 factor score vs. unimpaired controls, with age, BMI and ICV included as nuisance 
factors. 
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RHI exposure analysis 
 The mean cortical thickness of significant clusters was extracted for each subject 
and correlated with exposure variables. The correlation with total years of play, start age, 
and CHII was assessed using Pearson correlation. The comparison between AFE < 12 
years old vs. AFE ≥ 12 years old was assessed using a two-sided independent sample t-
test with a confidence interval of 95%.  	 	
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RESULTS 
Study participants 
 Subject demographics and athletic history are displayed in Table 1. Of the 96 
former NFL players, 9 were excluded because they did not undergo neuroimaging and 1 
was excluded because of irreconcilable imaging post-processing issues leaving a sample 
size of 86 former NFL players. Of the 28 controls, a total of 4 were excluded: One was 
excluded because of missing data, 2 were excluded based on a history of TBI and 1 
because of participation in football that was not disclosed during the initial study 
screening. There were 2 controls with a history of youth soccer and 1 control participated 
in amateur wrestling but because of the brief participation and no history of concussion, 
they were not excluded. Ultimately, there were a total of 24 controls included in this 
study. For the group analysis, the 86 former NFL players were included (mean age ± SD 
= 54.9 ± 7.9 years old) and 24 controls were included (mean age ± SD =57.2 ± 6.9 years 
old). Subject primary sport and position are reported in Table 2. 	 	
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Table 1.  Demographic Data and Exposure History  
 
 
Former 
NFL 
Players 
Controls 
 
Test 
t-value p-value 
Age (yrs. old), mean (SD) 54.9 (7.9) 57.2 (6.9) 1.3 0.1959 
BMI, mean (SD) 32.9 (5.0) 28.5 (3.7) 4.0 0.0001 
Education (yrs.), mean (SD) 16.4 (1.0) 17.3 (2.1) 2.8 0.0054 
African American, n (%) 36 (41.9) 1 (4.3)  0.0003a 
Heart disease, n (%)* 7 (8.5) 0 (0)  0.1670a 
High cholesterol, n (%)* 40 (48.8) 6 (26.1)  0.0526b 
Hypertension, n (%)** 40 (47.1) 5 (22.7)  0.0323a  
Significant use of illicit drugs, n (%) 53 (61.6) 13 (56.5)  0.6562b 
Significant use of alcohol, n (%) 43 (50) 7 (30.4)  0.0944b 
Use of performance enhancing 
drugs, n (%)*** 12 (15.2) 0 (0)  0.0379
a 
Total concussions (count), median 
(IQR)**** 50 (250.4) 0 (0) 2.9 0.0054 
Start age (yrs. old), mean (SD) 11.8 (2.6)    
AFE, n (%) 
< 12 yrs. old 
≥ 12 yrs. old 
 
50 (58.1) 
36 (41.9) 
   
Total football (yrs.), mean (SD) 18.4 (3.4)    
NFL (yrs.), mean (SD) 8.1 (2.6)    
SD: standard deviation; IQR: interquartile range; BMI: body mass index; AFE: age at first 
exposure; NFL: National Football League 
a Fisher’s exact test 
b χ2 test 
* NFL n=82, control n=23 
** NFL n= 85, control n=22  
*** NFL n=79, control n=23 
****Self reported after being given a modern definition of concussion46 			
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Table 2.  Primary Sport and Position 
 
 Former NFL Players Controls 
Contact Sport, n(%) 
Football 
Offensive line 
Defensive linebacker 
Defensive line 
Defensive backs 
Offensive backs 
Offensive receivers   
 
Non-Contact Sport, n(%) 
Swimming 
Baseball 
Basketball 
Crew 
No primary sport 
 
 
23 (26.7) 
19 (22.1) 
15 (17.4) 
13 (15.1) 
9 (10.5) 
4 (4.7) 
 
 
 
 
 
 
     
 
 
 
 
         12 (52.2) 
         6 (26.1) 
         2 (8.7) 
         1 (4.3) 
         2 (8.7) 
 
 
Cortical thickness of former NFL players vs. controls 
 NFL players showed a cluster with a significant decrease in cortical thickness in 
the right superior temporal gyrus (STG), middle temporal gyrus (MTG), inferior temporal 
gyrus (ITG), the banks of the superior temporal sulcus (bankssts), and the fusiform gyrus 
(FUS) (cluster-wise p-value=0.0003, 90% CI=0.0001-0.0005) (Fig. 1A) and the left 
precentral gyrus (PreCG) and postcentral gyrus (PostCG) (cluster-wise p-value=0.0096, 
90% CI=0.0084-0.0109) (Fig. 1B).  The average cortical thickness of the significant 
clusters were extracted for each subject and displayed in Fig. 2 (right hemisphere: former 
NFL mean ± SD = 2.52 ± 0.12 mm vs. control mean ± SD = 2.57 ± 0.15 mm; left 
hemisphere: former NFL mean ± SD = 1.98 ± 0.15 mm vs. control mean ± SD = 2.03 ± 
0.13 mm). 
	17 
 
Figure 1. Decreased cortical thickness in former NFL players vs. controls 
Cortical thickness of former NFL players was significantly thinner compared to controls 
(controlled for age, BMI, ICV; Monte-Carlo simulation cluster corrected p < 0.05). A. In the right 
hemisphere, significant decreases in cortical thickness were present in the superior temporal 
gyrus (STG), middle temporal gyrus (MTG), inferior temporal gyrus (ITG), the banks of the 
superior temporal sulcus (bankssts), and the fusiform gyrus (FUS) with cluster-wise p-
value=0.0003, 90% CI=0.0001-0.0005. B. In the left hemisphere, significant decreases in cortical 
thickness were present in the precentral gyrus (PreCG) and the postcentral gyrus (PostCG) with 
cluster-wise p-value=0.0096, 90% CI=0.0084-0.0109. 
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Figure 2. Average cortical thickness in former NFL players vs. controls 
Average cortical thickness values extracted from the significant clusters. A. Right hemisphere 
cluster of former NFL players compared with controls (mean ± SD = 2.52 ± 0.12 mm vs. 2.57 ± 
0.15 respectively) B. Left hemisphere cluster of former NFL players compared with controls 
(mean ± SD = 1.98 ± 0.15 mm vs. 2.03 ± 0.13 mm respectively).   
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Cortical thickness correlations with exposure  
Average thickness of the significant clusters in the right hemisphere (RH) and left 
hemisphere (LH) of former NFL players were not associated with measures of exposure 
to RHI including start age (RH p-value = 0.9548, LH p-value = 0.1753), AFE (RH p-
value = 0.6531, LH p-value = 0.1456), total years played (RH p-value = 0.8234, LH p-
value = 0.9384), total NFL years played (RH p-value = 0.6455, LH p-value = 0.0705), 
and CHII (RH p-value = 0.4971, LH p-value = 0.2943).   
Factor score impairments associated with cortical thickness in NFL players 
Thirty-six out of 86 former NFL players (41.9%) demonstrated impairment in at 
least one of the four factor scores. Demographic and player history comparing objectively 
impaired former NFL players vs. former NFL players without objective impairment is 
reported in Table 3. Objectively impaired former NFL players were significantly different 
than unimpaired former NFL players in those diagnosed with hypertension (impaired n = 
21 (60%) vs. unimpaired n = 19 (38%), p = 0.0455) and for significant use of alcohol 
(impaired n = 23 (63.9%) vs. unimpaired n = 20 (40.0%), p = 0.0288). 
NFL players with objective impairment in at least one factor score revealed a 
significant decrease in overlapping but more extensive regions as compared with the 
group analysis. In the right hemisphere, significant decreases in cortical thickness 
extended to the STG, MTG, ITG, the bankssts, and the FUS (cluster-wise p-
value=0.0001, 90% CI=0.0000-0.0002). In the left hemisphere, significant decreases in 
cortical thickness were present in the PreCG, the PostCG, and the supramarginal gyrus 
(SMG) (cluster-wise p-value=0.0002, 90% CI=0.0000-0.0004) (Figure 3). The average 
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cortical thickness of the significant clusters were extracted for each subject and displayed 
in Figure 4 (RH: former NFL mean ± SD = 2.51 ± 0.12 mm vs. control mean ± SD = 2.58 
± 0.13 mm; LH: former NFL mean ± SD = 2.15 ± 0.14 mm vs. control mean ± SD = 2.23 
± 0.13 mm. 
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Table 3. Demographics and Exposure History of Impaired vs. Unimpaired Former NFL Players 
 
 
Impaired 
n=36 
Unimpaired 
n=50 
Test 
t-value p-value 
Age (yrs. old), mean (SD) 55.0 (8.2) 54.8 (7.8) 0.1 0.9123 
BMI, mean (SD) 33.2 (5.2) 32.7 (4.9) 0.5 0.5949 
Education (yrs.), mean (SD) 16.6 (1.0) 16.3 (0.9) 1.4 0.1528 
African American, n (%)* 15 (41.7) 21 (42.0)  0.9753a 
Heart disease, n (%)** 3 (9.4) 4 (8.0)  0.7369b 
High cholesterol, n (%)*** 19 (55.9) 21 (43.8)  0.2789a 
Hypertension, n (%)* 21 (60.0) 19 (38.0)  0.0455a 
Significant use of illicit drugs, n 
(%) 26 (72.2) 27 (54.0)  0.0865
a 
Significant use of alcohol, n (%) 23 (63.9) 20 (40.0)  0.0288a 
Use of performance enhancing 
drugs, n (%)**** 6 (18.8) 6 (12.8)  0.4669
a 
Total concussions (count), 
median (IQR)** 
62.5 
(285.3) 50 (227.9) 1.0 0.3070 
Start age (yrs. old), mean (SD) 11.8 (2.4) 11.7 (2.8) 0.2 0.8765 
AFE, n (%)     
< 12 yrs. old 14 (38.9)  22 (44.0)  0.6355a 
 ≥ 12 yrs. old 22 (61.1) 28 (56.0)  0.6355a 
Total football (yrs.), mean (SD) 18.6 (3.0) 18.3 (3.7) 0.5 0.6437 
NFL (yrs.), mean (SD) 8.2 (2.5) 8.0 (2.7) 0.3 0.7786 
SD: standard deviation; BMI: body mass index; AFE: age at first exposure; NFL: National 
Football League 
a χ2 test 
b Fisher’s exact test  
*Impaired NFL n=35 
**Impaired NFL n=32 
***Impaired NFL n=34, unimpaired NFL n=48 
****Impaired NFL n=32, unimpaired NFL n=47 
*****Self reported after being given a modern definition of concussion46 
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Figure 3. Decreased cortical thickness in impaired former NFL players vs. controls  
Cortical thickness significantly thinner in former NFL players impaired in at least 1 factor score 
compared to controls (controlled for age, BMI, ICV; Monte-Carlo simulation cluster corrected p 
< 0.05). A. Right hemisphere: significant decreases in cortical thickness were present in the 
superior temporal gyrus (STG), middle temporal gyrus (MTG), inferior temporal gyrus (ITG), 
and the banks of the superior temporal sulcus (bankssts) (cluster-wise p-value=0.0001, 90% 
CI=0.0000-0.0002). B. Left hemisphere: significant decreases in cortical thickness were present 
in the precentral gyrus (PreCG), the postcentral gyrus (PostCG), and the supramarginal gyrus 
(SMG) (cluster-wise p-value=0.0002, 90% CI=0.0000-0.0004). 
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Figure 4. Average cortical thickness in impaired former NFL players vs. controls.  
Extracted values from significant clusters graphed A. Right hemisphere cluster of former NFL 
players compared with controls (mean ± SD = 2.51 ± 0.12 mm vs. 2.58 ± 0.13 mm respectively) 
B. Left hemisphere cluster of former NFL players compared with controls (mean ± SD = 2.15 ± 
0.14 mm vs. 2.23 ± 0.13 mm respectively).  
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Cluster correlation of impaired former NFL players with exposure factors 
 Average thickness of the significant clusters in both the right and left hemisphere 
of former NFL players with objective impairment did not significantly correlate with 
measures of exposure to RHI including start age (RH p-value = 0.5863, LH p-value = 
0.9423), AFE (RH p-value = 0.6672, LH p-value = 0.7402), total years played (RH p-
value = 0.8563, LH p-value = 0.6963), total NFL years played (RH p-value = 0.2443, LH 
p-value = 0.3750), and CHII (RH p-value = 0.7974, LH p-value = 0.2692).   
The average cortical thickness in the significant clusters of the objectively 
impaired former NFL players did not correlate with excessive alcohol use (RH p-value = 
0.3054, LH p-value = 0.7444), performance enhancing drugs (RH p-value = 0.7324, LH 
p-value = 0.9712), other illicit drugs (RH p-value = 0.1038, LH p-value = 0.4612), or 
hypertension (RH p-value = 0.6355, LH p-value = 0.5217). 
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DISCUSSION 
 
 Despite the fact that CTE can currently only be diagnosed postmortem, there is 
growing knowledge linking RHI to long-term damage. In this study, when comparing the 
cortical thickness of former NFL players to former non-contact sports players, a 
significant decrease in thickness in two clusters was observed. Both the full group 
analysis and the sub-group analysis showed similar localized findings but the sub-group 
analysis to a larger spatial extent and higher significance. One cluster encompassed the 
right superior, middle, and inferior temporal lobe in the whole group analysis, which 
extended to the fusiform gyrus in the sub-group analysis of former NFL players with an 
impairment in at least one factor score. The other cluster encompassed the left pre- and 
post-central gyrus in the whole group analysis, which expanded to the supramarginal 
gyrus in the sub-group analysis. Neither the group analysis nor the sub-group analysis 
revealed any associations of cortical thinning with exposure factors and demographic 
variables that were measured.  
Although the sub-group analysis showed more extensive cortical thinning, there 
did not appear to be one specific factor score impairment or combination of impairments 
that was consistent across those with at least one impairment. This may be indicative of 
minor differences that we are unable to measure in a sample of this size. Without a larger 
sample size for the sub-group analysis, we are unable to analyze what factors may be 
influencing the variability in impairment.   
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Cortical thinning in the right temporal lobe 
Cortical thinning in the temporal lobe is consistent with the cortical regions 
subjected to neuronal loss in former contact sports athletes with a post-mortem diagnosis 
of CTE.47 It is unclear however why the regions of cortical thinning identified in this 
study are restricted to the right temporal lobe and left pre- and post-central gyrus.  
Normal cortical thinning in healthy aging adults 
 Shaw et al48 reported that the regions of the cortex that initially become thinner 
(<75 years old) include the temporal lobe and specifically exclude the pre- and post-
central gyri. In compliment with these results, McGinnis et al49 reported that the pre- and 
post-central gyrus are the last regions to show cortical thinning in healthy aging.   
Cortical thinning in other neurodegenerative diseases 
In PD, Pereira et al50 demonstrated a decrease in cortical thickness in temporal, 
precentral and superior parietal regions in PD subjects with MCI compared to controls. 
Interestingly, they showed that there was little to no cortical thinning when comparing 
PD subjects without MCI to healthy controls. The results are suggestive of the role MCI 
plays in cortical thinning rather than the PD alone.  
Furthermore, a correlation between GM atrophy and cognitive dysfunction was 
also reported in ALS. The cortical thinning was mainly in patients with an ALS-plus 
syndrome (ALS with cognitive and behavioral symptoms) in regions of the frontal and 
temporal lobes.51 
Markedly, Seo et al52 compared cortical thickness of AD to controls and found the 
most significant differences were noted in the medial temporal lobe, temporoparietal 
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association cortex, posterior parietal medial regions, and prefrontal cortex. Notably the 
prefrontal cortex was reportedly spared.52 
Temporal cortex thinning with brain injury  
There have been several other studies linking brain injury to cortical thinning in 
regions including the right temporal lobe.53 A study looking at functional deficits in 
previously concussed cohorts showed a correlation between the number of concussions 
and functional activity in regions including the medial temporal lobe.54 A study 
comparing military veterans who experienced TBI with healthy controls, showed a 
decrease in cortical thickness in the right inferior temporal lobe in the military veterans.55 
Another study examined young to middle aged adults with two or more sports-related 
mTBIs compared with healthy controls. Results showed cortical thinning in brain regions 
including the right temporal lobe. Additionally, thinning in the right medial temporal lobe 
was associated with more mTBIs.56 Although this study is the first to publish on 
analyzing cortical thickness in this cohort, the cortical thinning in the right temporal lobe 
is consistent with the aforementioned studies and therefore may be in support of a link 
between RHI and cortical thinning. The differences seen between studies may 
conceivably be due to different samples and methods and therefore it necessitates the 
need for future confirmatory studies. 
Demographic and exposure variables 
Although previous research has indicated a link between behavioral symptoms, 
neurological symptoms and exposure variables, such as AFE,27,44,57 we did not find any 
correlations between cortical thickness in the significant clusters with measured exposure 
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variables. These findings may indicate that the cortical thinning in these regions are not 
directly linked to the variables we were correlating however, and not that the link does 
not exist. We cannot know for certain what the correlation is between the players’ history 
and the later neurological and behavioral alterations until further research is conducted. 
Limitations 
Although there is growing attention towards examining the effects of RHI in this 
cohort of contact-sports athletes, this study is the first of its kind to analyze cortical 
thickness and therefore future research is necessary in order to confirm our results. There 
are a number of limitations to take note of and approve upon in the future. For example, 
this study was a cross-sectional design, which impedes the ability to establish causality 
and control for past variables. Therefore, future studies would benefit from longitudinal 
studies and ideally would enroll subjects before RHI exposure. Furthermore, this analysis 
looks at cortical thickness only and therefore doesn’t give the whole picture (i.e. sub-
cortical structures). Additionally, although the pathomechanism of cortical thinning has 
been associated with neuronal degeneration and cellular loss, we can’t be certain that the 
observed cortical thinning in this study implies neuronal loss. With structural MRI being 
insensitive to the variety of cellular types comprising the cerebral cortex and the 
subsequent alterations that may lead to thinning, further neuroanatomical studies need to 
address the cellular underpinnings of cortical thinning.53 Finally, there may be bias 
between groups because the study only includes those players with self-reported 
symptoms, for example, depression. Since previous literature has described an 
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association between depression and cortical thinning, we therefore can’t conclude that the 
changes in cortical thickness are directly associated with a history of RHI.58,59 
Conclusion 
In conclusion, this study examined the difference in cortical thickness between 
symptomatic former NFL players with controls and the association of the cortical 
thinning with exposure to RHI. While these results showing decreased thickness in the 
right temporal lobe and left pre- and post-central gyrus are significant, future research is 
necessary to continue to elucidate the factors associated with cortical thinning. Although 
the NFL group all had a shared history of RHI, we were unable to reveal any exposure 
factors that were associated with the severity of the cortical thinning. It is important to 
note however, that the observed cortical thinning may be due to the difference in the NFL 
players having symptoms vs. the controls who did not. Therefore, based upon this 
analysis, we are unable to conclude what factors are driving the cortical thinning and 
whether or not the thinning is causing the behavioral symptoms. Longitudinal studies 
with larger population sizes to account for the variability are needed to further elucidate 
the links between RHI and later life behavioral and neuronal alterations as well as the 
link with CTE. 
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correlating the brain damage with neuropsychological and repetitive head injury data 
 
Pain and Analgesia Imaging in Neuroscience (P.A.I.N.) group      Jun 2013-Aug 2016 
PI David Borsook 
Harvard Medical School; Boston Children’s Hospital, Boston, MA         
Clinical Research Assistant 
• Conducted MRI research in human subjects and rat models 
• Independently managed recruitment, enrollment, subject visits, data collection, data 
management, data analysis, and IRB compliance of an adult migraine Multi-Modal 
MRI protocol 
• Assisted in writing manuscripts for the migraine study and developed and initiated 
pilot studies to include in grant applications for the next phase of the migraine study 
• Initiated and coordinated study visits, data collection, data analysis, staff and 
participants for the MRI component of a hypoglycemic stress study on healthy adults 
in collaboration with Beth Israel Deaconess Medical Center and Brigham and 
Women’s Hospital  
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• Organized and executed data collection for a pre-clinical osteoarthritis study using 
fMRI on rat models 
• Utilized 3D printing to develop and patent a custom rat restraint for awake imaging 
• Collaborated with other group members to prepare, write and submit manuscripts 
• Implemented a connection between the P.A.I.N. group and Brandeis University for 
internships, mentorships, and collaborations 
 
Rosbash Lab          Dec 2009-May 2013 
PI Michael Rosbash 
Brandeis University, Waltham, MA                  
Senior Honors Researcher: honors thesis  
• Completed an independent research thesis on circadian neuronal plasticity in the brain 
of Drosophila melanogaster utilizing immunohistological techniques on 
mechanically and genetically manipulated flies 
• Defended my thesis results to a board of professors who awarded me with high 
honors for my work 
• Ran gels and RT-q-PCR to explore gene expression and post-transcriptional 
regulation in Drosophila of different genetic mutantRan behavior tests to collect and 
interpret circadian profiles of Drosophila 
• Crossed genetic lines and used phenotypic markers to assist in circadian rhythm 
research 
• Presented my results to the lab from work done over each semester as well as the 
summer 
 
Publications  
*co-first authorship 
 
1) Hodkinson DJ, Veggeberg R, Kucyi A, van Dijk KR, Wilcox SL, Scrivani SJ, 
Burstein R, Becerra L, Borsook D. Cortico-Cortical Connections of Primary Sensory 
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Areas and Associated Symptoms in Migraine. eNeuro. 2016 Nov-Dec; 3(6). PMID: 
28101529. 
 
2) Wilcox SL, Veggeberg R, Lemme J, Hodkinson DJ, Scrivani SJ, Burstein R, Becerra 
L, Borsook D. Increased Functional Activation of Limbic Brain Regions during 
Negative Emotional Processing in Migraine. Front Hum Neurosci. 2016. 
 
3) Hodkinson DJ, Wilcox SL, Veggeberg R, Noseda R, Burstein R, Borsook D, Becerra 
L. Increased Amplitude of Thalamocortical Low-Frequency Oscillations in Patients 
with Migraine. J Neurosci. 2016. 
 
4) Veggeberg R*,Becerra L*, Prescot A, Jensen JE, Renshaw P, Scrivani S, Spierings 
ELH, Burstein R, Borsook D. A ‘Complex’ of Brain Metabolites Distinguish Altered 
Chemistry in the Cingulate Cortex of Episodic Migraine Patients. Neuroimage Clin. 
2016. 
 
5) Hodkinson DJ, Veggeberg R, Wilcox SL, Scrivani S, Burstein R, Becerra L, Borsook 
D. Primary Somatosensory Cortices Contain Altered Patterns of Regional Cerebral 
Blood Flow in the Interictal Phase of Migraine. PLoS One. 2015.  
 
6) Borsook D*, Veggeberg R*, Erpelding N, Borra R, Linnman C, Burstein R, Becerra 
L. The Insula: A “Hub of Activity” in Migraine. Neuroscientist. 2015. 
 
7) Maleki N, Barmettler G, Moulton E, Scrivani S, Veggeberg R, Spierings E, Burstein 
R, Becerra L, Borsook D. Female Migraineurs Show Lack of Insular Thinning with 
Age. PAIN. 2015. 
 
8) Borsook D, Erpelding N, Lebel A, Linnman C, Veggeberg R, Grant PE, Buettner C, 
Becerra L, Burstein R. Sex and the migraine brain. Neurobiol Dis. 2014; 68:200-14. 
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Presentations 
1) Veggeberg R, Stern RA, Guenette JP, Tripodis Y, Coleman MJ, Shenton ME, Koerte 
IK. Cortical Thinning in Former NFL Players. Poster presentation. Brigham and 
Women’s Hospital Radiology Research Symposium, Boston, MA, 2017. 
 
2) Veggeberg R, Hodkinson DJ, Kucyi A, vanDijk KRA, Wilcox SL, Scrivani SJ, 
Burstein R, Becerra L, Borsook D. Intrinsic functional connectivity convergence in 
episodic migraine patients. Poster presentation. Folkman Research Day, Boston 
Children’s Hospital, Boston, MA, 2016. 
 
3) Veggeberg R. Magnetic Resonance Imaging: Applications for Traumatic Brain 
Injury. Invited speaker at the annual Supportive Living Inc. council retreat, 2014.  
 
4) Burstein R, Porreca F, Veggeberg R, Pietrobon D. Understanding Migraine 
Headache and its Associated Symptoms. Topical Workshop Lecture at International 
Association for the Study of Pain, 15th World Congress on Pain, Buenos Aires, 
Argentina, 2014. 
 
5) Veggeberg R, Moulton E, Becerra L, Johnson A, Burstein R, Borsook D. Altered 
functional connectivity with the hypothalamus in migraine patients. Poster 
presentation. International Association for the Study of Pain, 15th World Congress on 
Pain, Buenos Aires, Argentina, 2014. 
 
6) Veggeberg R. Synaptic Markers in Relation to Sleep and the Circadian Rhythm in 
the Drosophila melanogaster. Senior thesis defense and report, Brandeis University, 
Waltham, MA, 2013. 
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7) Veggeberg R, Moed A, Wingfield A, Lorenz L. The brain, healthy again, and brain 
injury. Lecture session 1 of the series: The Brain Exposed: Science, Social Policy, 
and Life Strategies. Brookhaven Study Group, Tufts OSHER Lifelong Learning 
Institution, Lexington, MA, 2013. 
 
8) Veggeberg R, Derk J. Lessons in Neuroscience. Organized and executed a 
kindergarten teaching series. Lemberg Children’s Center, Brandeis University, 
Waltham, MA, 2012. 
 
Awards and Honors 
• High Honors: undergraduate degree, senior honors research thesis, Rosbash Lab, 
Brandeis University 
• Undergraduate Research Program Grant: “Circadian vs. Sleep Controlled Plasticity of 
s-LNsv Nuerons in Drosophila melanogaster” project stipend in the Rosbash Lab, 
Brandeis University 
• Awarded the Alumni and Friends Scholarship to attend Brandeis University 
 
Extracurricular Achievements 
Neuroscience Club, Brandeis University, Waltham, MA      Nov 2011-May 2013 
• Founder and President 
• University funded 
• Organizing and executing informative neuroscience events for students and 
professors 
• Connecting students and professors in neuroscience 
Lerman Neubauer Committee Member, Brandeis University                   Mar 2013 
• Participant in deciding and awarding the Jeanette Lerman Neubauer ’69 Prize for 
excellence in teaching and mentoring 
Kappa Beta Gamma, Brandeis University                     Dec 2011-Present 
• Founding member 
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Waltham Group, Brandeis University      Aug 2009-May 2013 
• Waltham community service volunteer 
Boston Globe Gold Key Award, Boston, MA            Mar 2009 
• Recipient of the Gold Key for Photoshop art piece   	
